Background-Intergenic variations on chromosome 4q25, close to the PITX2 transcription factor gene, are associated with atrial fibrillation (AF). We therefore tested whether adult hearts express PITX2 and whether variation in expression affects cardiac function. Methods and Results-mRNA for PITX2 isoform c was expressed in left atria of human and mouse, with levels in right atrium and left and right ventricles being 100-fold lower. In mice heterozygous for Pitx2c (Pitx2c ϩ/Ϫ ), left atrial Pitx2c expression was 60% of wild-type and cardiac morphology and function were not altered, except for slightly elevated pulmonary flow velocity. Isolated Pitx2c ϩ/Ϫ hearts were susceptible to AF during programmed stimulation. At short paced cycle lengths, atrial action potential durations were shorter in Pitx2c ϩ/Ϫ than in wild-type. Perfusion with the ␤-receptor agonist orciprenaline abolished inducibility of AF and reduced the effect on action potential duration. Spontaneous heart rates, atrial conduction velocities, and activation patterns were not affected in Pitx2c ϩ/Ϫ hearts, suggesting that action potential duration shortening caused wave length reduction and inducibility of AF. Expression array analyses comparing Pitx2c ϩ/Ϫ with wild-type, for left atrial and right atrial tissue separately, identified genes related to calcium ion binding, gap and tight junctions, ion channels, and melanogenesis as being affected by the reduced expression of Pitx2c. Conclusions-These findings demonstrate a physiological role for PITX2 in the adult heart and support the hypothesis that dysregulation of PITX2 expression can be responsible for susceptibility to AF. (Circ Cardiovasc Genet. 2011;4:123-133.) 
A trial fibrillation (AF) is by far the most common sustained arrhythmia and causes important morbidity and mortality. 1, 2 Unfortunately, the causes of the arrhythmia are not sufficiently understood to allow effective therapy to prevent AF. 3, 4 Both rare and common forms of AF can be heritable, and the genes responsible may provide important clues toward therapy. Familial forms of AF associate with mutations in genes encoding sodium and potassium ion channels, connexin40, the natriuretic peptide precursor A (NPPA) but also transcription factor genes, either in candidate or genome-wide association studies. 3, [5] [6] [7] [8] 
Editorial see p 105 Clinical Perspective on p 133
A polymorphic locus on chromosome 4q25 (SNP rs2200733) associates with AF, particularly of early onset, in several independent studies of European and Asian populations 9,10 and conveys an approximately 1.7-fold risk of developing AF. 11 This locus is intergenic, with the gene in closest proximity being PITX2, which encodes a homeobox transcription factor of the paired type. Mutations of PITX2 are responsible for autosomal dominant anterior eye defects, including the Axenfeld-Rieger syndrome, 12 albeit without reports of AF in affected patients.
During embryonic development in vertebrates, PITX2 is the final step in a left-sided signaling pathway that establishes the left-right asymmetry of the body plan. Complete loss of PITX2 function results in several cardiac malformations, including isomerism of the atrial appendages 13 atrioventricular, atrial, and ventricular septal defects, 13, 14 and outflow tract defects including anterior aorta. 15 Furthermore, PITX2 is essential for normal devel-opment of the sinoatrial node (SAN) 16 and of the pulmonary vein myocardium. 17, 18 Any functional role of PITX2 in the adult heart is not known.
PITX2 is expressed as several protein isoforms, generated by differential exon usage and by alternative start sites. 19 In human and mouse, the transcriptionally functional isoforms are PITX2-a, -b, and -c, with an additional isoform d in humans, which lacks the DNA binding domain. Only PITX2c is expressed asymmetrically in the developing heart and embryo, and specific deletion of this isoform 17 is sufficient to cause the congenital malformations, conduction system, and pulmonary myocardial defects described above. 16 -18 We therefore examined the hypothesis that dysregulation of PITX2 can be involved in the etiology of AF. We found high expression of the PITX2c isoform in human and mouse left atria. We identified inducible AF and action potential shortening in heterozygous Pitx2c-deficient mice (Pitx2 ϩ/Ϫ ) and characterized atrial gene expression changes in this model.
Methods

Human Samples
Atrial appendage tissue was collected (with written consent and institutional approval) from 16 patients undergoing cardiac surgery for valve repair or coronary artery bypass grafting: 8 with a history of sustained AF; 8 in sinus rhythm (SR 
RNA Expression Analysis Using Reverse Transcriptase-Quantitative Polymerase Chain Reaction
Human samples were analyzed for expression of PITX2 isoforms (see online-only Data Supplement Table 2B for primer sequences, and Figure 1A for the locations of isoform-specific Pitx2 primers). In mouse, Pitx2 isoform expression was analyzed in LA, RA, left and right ventricle (LV, RV), and skeletal muscle (SM).
Mouse Samples
We studied Pitx2c ϩ/Ϫ heterozygous knockout mice, in which the isoform-c-specific exon 4 is replaced by a neoselection cassette. 17 Heterozygotes on the MF1 outbred background are viable and fertile and were studied as young adults (10 to 18 weeks), with wild-type (WT) littermates.
Electrophysiological Study in the Isolated Heart
Atrial and ventricular electrograms, a tissue bath ECG, and left atrial monophasic action potentials were simultaneously recorded in isolated, beating, Langendorff-perfused mouse hearts, as described. 20 -22 Inducibility of arrhythmias and effective refractory period, without and with 1.6 mol/L orciprenaline, were determined using 80-to 120-ms paced cycle lengths and premature RA stimulation. Atrial conduction velocities were determined by high resolution optical activation mapping of isolated, perfused atria from 6 Pitx2c ϩ/Ϫ and 3 WT hearts. 
Doppler Echocardiography
The sizes and functions of each chamber and the aortic and pulmonary valves were determined in sedated (isoflurane plus oxygen) mice, including color Doppler flow, by published methods 23,24 on VEVO 770 or 2100 ultrasound microscopy systems (Visualsonics, Toronto, Canada).
RNA Expression Analysis Using Whole-Genome Microarrays
Using Illumina Mouse-WG6 v2.0 BeadChip microarrays, expression analyses were carried out on LA and RA appendages from Pitx2c ϩ/Ϫ and WTs (4 conditions: LAϩ/ϩ, LAϮ, RAϩ/ϩ, RAϮ; 5 replicate mice each). The expression data are deposited at the Gene Expression Omnibus (accession: GSE22170). Individual genes that were Ͼ2-fold differentially expressed between Pitx2c ϩ/Ϫ and WTs were determined by 2-way ANOVA. Applying standard settings, unsupervised self-organizing map (SOM) clustering using GeneSpring GX Software (Agilent Technologies, Santa Clara, CA), pathway analysis using Pathway Studio (Ariadne Genomics, Rockville, MD), and functional enrichment analysis using FatiGO (Babelomics, CIPF, Valencia, Spain) were performed subsequentially. Reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR) was performed, as described above, to verify selected regulated genes.
Statistical Analysis
All functional parameters were compared between pairs of littermate Pitx2c ϩ/Ϫ and WT animals. All functional and RT-qPCR measure-ments were obtained and analyzed blinded to genotype. Univariate tests (ANOVA) were used to compare continuous parameters; the Fisher exact test and 2 test were used for discrete parameters (eg, arrhythmia occurrence). Unless otherwise indicated, 2-sided values of PϽ0.05 were considered significant. SPSS (version 12; SPSS, Inc, Chicago IL) was used to compute statistics. For the genomic analyses, a Benjamini Hochberg-corrected probability value Ͻ0.05 was accepted as statistically significant. A probability value Ͻ0.05 and an adjusted PϽ0.1 were accepted as significant for Pathway Studio and FatiGO, respectively.
Results
PITX2 Expression in the Adult Heart: Human and Mouse
PITX2 RNA was expressed in the adult heart, in human and in mouse ( Figure 1 and online-only Data Supplement Table  3 ). LA expression levels were about 100-fold higher than in RA ( Figure 1C and 1D) or in the ventricles (not shown). The low-level expression in the RA was repeatedly above blank control values in every individual mouse sample and in 13 of 16 human samples. LA Pitx2c expression levels were comparable to skeletal muscle expression levels in the mouse ( Figure 1C ). PITX2c isoform predominated over isoforms a and b in the adult heart, representing Ͼ99% in LA ( Figure  1B ). In all these features, the human and mouse adult heart There was no significant difference in spontaneous atrial arrhythmias (5 of 26 Pitx2c ϩ/Ϫ , 3 of 16 WT, not shown). C, Recording of LA monophasic action potential from a Pitx2c ϩ/Ϫ and a WT heart at 8 ms and 120 ms paced cycle length. D, Mean action potential durations (APD) measured by monophasic action potential catheters at different paced cycle lengths in Pitx2c ϩ/Ϫ and WT hearts. Action potential duration was shortened during early repolarization at short paced cycle lengths. All action potential durations are given at 50%, 70%, and 90% repolarization (Y-axis) for the different paced cycle lengths (X-axis). E, Representative examples of activation patterns during fix frequent stimulation in Pitx2c ϩ/Ϫ and WT atria. F, RA, and LA activation times were not different between genotypes. Asterisks indicate PϽ0.05.
were remarkably similar. For measurement of PITX2 expression, we had access to only 1 LA sample from a patient in sinus rhythm, and this expressed PITX2c at a higher level than any of 4 LA samples from AF patients (data not shown). PITX2c expression in the RA was also lower in AF patients than SR patients but within observed experimental variation (data not shown). There was no evidence that expression levels of the 3 isoforms were interrelated in any way.
Sequencing for the RS 2200733 locus identified 3 heterozygotes for the nonancestral T allele, 1 of 8 SR patients (12.5%), and 2 of 8 AF patients (25%).
In Pitx2c ϩ/Ϫ mice, Pitx2c expression was reduced by 37%, compared with WT, in LA and by 54% in skeletal muscle ( Figure 1C ), as expected from heterozygous deletion of the Pitx2c specific exon 4. Expression levels of Pitx2 isoforms a and b were 100-fold lower than those of isoform c and not Table 3 ). Hence, reducing Pitx2c expression did not provoke compensatory upregulation of the mRNA of the other isoforms.
Inducible AF and Action Potential Shortening
Pitx2c ϩ/Ϫ hearts were susceptible to AF elicited during programmed stimulation with a single atrial premature beat (12 of 27 Pitx2c ϩ/Ϫ , 4 of 17 WT) (Figure 2A and 2B) . Spontaneous arrhythmias were not significantly different between genotypes (5 of 26 Pitx2c ϩ/Ϫ , 3 of 16 WT). At short paced cycle lengths, atrial action potential durations were shorter in Pitx2c ϩ/Ϫ atria than in WT littermates ( Figure 2C and 2D). Perfusion of the isolated, beating heart with the ␤-receptor agonists orciprenaline (1.6 mol/L) did not sig-nificantly change spontaneous atrial arrhythmias (arrhythmias in 5 of 26 Pitx2c ϩ/Ϫ hearts versus 3 of 16 WT hearts). Orciprenaline abolished the difference in inducible atrial arrhythmias between genotypes (2 of 17 Pitx2c ϩ/Ϫ hearts versus 4 of 13 WT hearts) and reduced the difference in APD between genotypes (Pitx2c ϩ/Ϫ : APD70, 15 ms, APD50, 11 ms versus WT: APD70, 10 ms, APD50, 7 ms; nϭ2 to 3 per group, no probability value assigned). Activation times, measured as the interval from the RA pacing site to activation of the LA epicardial monophasic action potential, were not significantly different between genotypes. On optical mapping, conduction velocities and activation patterns were not different between genotypes (Figure 2E and 2F ), suggesting that action potential shortening brought about wavelength reduction and inducibility of AF in Pitx2c ϩ/Ϫ hearts. Spon- Table) . F, Representative atrial histological sections, without fibrosis or gross changes.
taneous, "intrinsic" cycle length was not different between Pitx2c ϩ/Ϫ and WT mouse hearts, either at baseline or during perfusion with orciprenaline (1.6 mol/L).
Cardiac Morphology and Function In Vivo
Wet weight of the cardiac chambers was not different between genotypes (Table) . Concordantly, cardiac dimensions and contractile function were not different between genotypes on high-resolution echocardiography in any of the 4 heart chambers (Table and Figure 3A through 3C). Despite these morphological similarities, transpulmonary flow velocity was 50% faster in Pitx2c ϩ/Ϫ mice when compared with WT (Table and Figure 3D and 3E), suggestive of slight narrowing of the pulmonary valve. Right outflow tract diameter was not different between genotypes (Table) . Masson trichrome-stained serial sections of adult hearts from Pitx2c ϩ/Ϫ and WT mice showed no evidence of interstitial fibrosis in either genotype (nϭ3 WT, 6 Pitx2cϩ/Ϫ, Figure 3F). In addition, there was no evidence of any marked difference in atrial cell or fiber size, nor sinoatrial node morphology between the genotypes (data not shown).
Expression Microarray Analysis
Two-way ANOVA analysis on all genes with Ն2-fold difference between groups showed 28 transcripts that were significantly different between Pitx2c ϩ/Ϫ and WT, and 25 transcripts showed a statistical interaction of genotype and tissue type (online-only Data Supplement Table 4 ). Of these, 5 transcripts show up in both comparisons, 2 genes are represented by 2 transcripts and 11 are predicted genes or genes of unknown function, leaving 34 known genes (hereafter referred to as the "Ͼ2ϫ genes") as candidates for further study (excluding Pitx2). Notable among these are genes with a role in calcium ion binding (Drp2, Dsg2, Efhd2, and Pcdh9) and cell adhesion (Pcdh9 and Dsg2), those encoding transcription factors (Ddx60, Olig3, and Zbtb34), and those with a role in intercellular signaling and transduction pathways (Arpp21, Fgfbp1, Olfr48, and Wnt2b), chemokines and cy-tokines (Cxcl13, Il7, and Ifitm5), apoptosis (Dbndd2), and the cell cycle (Rprm). More than 450 genes were differently expressed between LA and RA (data not shown). These include Tbx3 and Shox2, known to be required for SAN development, 16, 25 which were 2.9-and 2.7-fold lower in WT LA compared with RA, respectively, and each 1.5-fold higher in LA of Pitx2c ϩ/Ϫ compared with WT.
To validate the whole array data set we performed RT-qPCR for 8 selected differentially expressed genes (Fxyd3, Rprm, Hey1, Vtn, Prdm6, Dsg2, Ftcd, and Kcnk5) in the same tissue samples as used for the arrays. We found 92% concordance in both magnitude and direction of difference between qPCR and arrays (22 of 24 comparisons, 8 genes, 3 comparisons each, for RA: het versus wt; LA: het versus wt and wt: LA versus RA, Figure 4A ). Given this demonstration of validity and reliability, further examination of the expression array data were performed to search for functional groupings of genes affected by Pitx2c.
To identify, in an unbiased way, collections of functionally or pathway related genes, we started by identifying entities Figure 5 . A stylized cell summarizing the candidate genes, pathways, and cellular processes that may contribute to the Pitx2 ϩ/Ϫ phenotype. Each of the genes and their pathways were identified by unbiased statistical analyses of expression arrays as being differentially expressed between Pitx2c ϩ/Ϫ and WT LA. Increased expression in Pitx2c ϩ/Ϫ is shown in green; reduced expression in red. Most notable are genes related to melanogenesis, ion channel and gap junction function, inflammation, apoptosis and cell-cell/matrix contacts.
that showed a consistent Ն1.5-fold change between WT and heterozygous mice in LA or RA (see online-only Data Supplemental Methods for conditions and online-only Data Supplement Table 5 for the full list of the 1208 Ն1.5-fold transcripts identified). These were then sorted into groups that varied similarly across the 4 conditions (LAϩ/ϩ and LAϮ, RAϩ/ϩ and RAϮ) using unsupervised self-organizing clustering analysis in Genespring, identifying 12 clusters, with 22 to 185 entities per cluster ( Figure 4B ). Pathway analysis of these clusters using Pathways Studio identified 46 instances of statistically significant enrichment in particular biological pathways ("pathway genes," online-only Data Supplement Table 4 ). Interestingly, the majority of these (29 of 46) were in those clusters that showed a differential expression in the LA (as distinct from RA), and because direct effects of Pitx2 are more likely in LA, we focused on these. The most consistently affected pathways in LA between WT and Pitx2c heterozygote are gap junction regulation (eg, Gjb1); melanogenesis (eg, Acat2); and the guanylate cyclase pathway (eg, CFTR, Trpc1). Pooling the clusters in which expression in LA is reduced (clusters 1ϩ2) or increased (clusters 9ϩ10) in heterozygotes additionally reveals adrenergic (eg, Adrb3) and gonadotrope (eg, Cacna1c) signaling and tight junctions (eg, Dsg4) as being enriched in these clusters. Functionally related genes also included in the clusters and altered in LA in Pitx2c ϩ/Ϫ are the potassium channels Kcna3, Kcnc4, and Kcnk5; interleukin components Il6, Il20rb, and Il22ra1; sarcomeric proteins Mylk, Myh11, and Tnnt3; and Adam8, aquaporin 7, and caspase3 (online-only Data Supplement Table 6 ).
Finally, we used the FatiGO web application to compare the 1208Ͼ1.5ϫ entities affected by pitx2c heterozygosity with the remaining array entities to search for functional enrichment using Gene Ontology ("GO genes"; online-only Data Supplement Table 7 ). Interestingly, the only GO molecular function group to be revealed is that encompassing calcium ion binding related genes, as was also found by individual Ͼ2ϫ gene comparison (see above). The greatest enrichment of GO cellular components is for collagen and other extracellular matrix genes, whereas the greatest enrichment for a GO biological process was for developmental maturation. We summarize the genes and cellular pathways identified in these analyses in Figure 5 .
Discussion
Our study demonstrates that PITX2c, the isoform asymmetrically expressed in the embryonic heart, is expressed in the adult human and mouse left atrium and that reduced expression of this isoform in mice causes shortening of atrial action potential duration and susceptibility to induced AF. These data identify a biologically plausible cause for the association of AF with variations at 4q25 and abnormal function of PITX2 in the adult atrium. Gene expression patterns and functional analyses in Pitx2c-deficient atria suggest that modified calcium handling, cell-cell communication, or altered function of melanocytes may provoke AF associated with this genetic abnormality.
PITX2c Is Expressed in the Adult Human and Mouse LA
Others have suggested that the association of PITX2 with AF is due to the known embryonic requirement for the gene in development of the sinus node 16, 25, 26 and pulmonary veins. 17 Our demonstration that PITX2 is expressed in the adult heart of human and mouse, most prominently in the LA, suggests an additional requirement of the gene product for maintaining atrial function. In direct comparisons, we find LA expression levels comparable with that in skeletal muscle, which others have shown is the adult tissue with the highest expression levels of Pitx2 in mouse and second highest in human. 27 This relatively high expression in the LA in the mouse, and in all likelihood in human also (Figure 1) , reinforces the notion of a functional significance for Pitx2 in the adult. We have not examined expression with fine spatial resolution in the adult heart, but expression in the RV (next highest after LA, in mouse) and to a lesser extent left ventricle, is compatible with the fetal pattern of expression in the sternocostal region of the RV/interventricular septal region. 14, 28 Similarly, a low expression in the RA is consistent with other recent data 26 and mirrors expression in the embryonic dorsal common atrium, in which Pitx2c expression crosses the interatrial septum into the septovalvar region (Brown, unpublished). Again, like prenatal stages, the c-isoform is the predominant form (Ͼ99%) of PITX2 in the heart, and we find no evidence for compensatory induction of the other isoforms when PITX2c expression is reduced.
Heterozygous Pitx2c-Deficient Mice Are Susceptible to AF
Heterozygous deletion of the Pitx2c gene isoform permits viable mice without obviously altered cardiac morphology and function, Pitx2c ϩ/Ϫ mice therefore provide a good model to study the biology that associates PITX2 with AF and to characterize mechanisms of that effect. We show that reducing expression of Pitx2c in the heart to about 60% of normal in this model is sufficient to render the atria susceptible to AF without overt structural or functional changes in the atria.
Action Potential Shortening and Wavelength Reduction Predisposes Pitx2c ؉/؊ Hearts to AF
Atrial conduction velocities and activation patterns were not altered in Pitx2c ϩ/Ϫ mice, but atrial repolarization was shortened in Pitx2c ϩ/Ϫ atria, thereby shortening atrial wave length, 29, 30 which is sufficient to provoke inducible AF. 31, 32 Our data confirm and extend a recent report of inducible AF in a small number of mice with reduced Pitx2 expression 26 and provide for the first time an electrophysiological mechanism for inducible AF. Of note, action potential shortening is also found in several forms of monogenic AF 5, 33, 34 and may be conferred by altered ion channel expression in Pitx2c ϩ/Ϫ atria. For example, Kcna3, Kcnc4, and Kcnk5 are within the gene expression changes revealed by our arrays (online-only Data Supplement Table 5 and Figure 5 ). Our observations suggest that electric remodeling, that is, AF-induced shortening of the atrial action potential and effective refractory period, 30 can also be a direct consequence of reduced Pitx2c expression. Our data are also consistent with action potential-shortening mutations in rare familial forms of AF. 5 It is tempting to speculate that the association of an SNP close to the PITX2 gene with AF in the population may be mediated by genetically determined shorter atrial action potentials. Further, detailed electrophysiological studies are warranted to delineate the mechanism of action potential shortening caused by reduced PTIX2c expression.
Pitx2c ؉/؊ Mice Show "Almost Lone" AF Left and right atrial size and function were completely normal in Pitx2c ϩ/Ϫ mice, including normal sinus nodal function and normally appearing pulmonary veins. LV function and size were also normal. Subtle abnormalities in the pulmonary veins cannot be ruled out in this model, but the type of arrhythmias observed (inducible AF, fewer arrhythmias on catecholamines) does not suggest that abnormal automaticity or triggered activity are major arrhythmogenic factors in Pitx2c ϩ/Ϫ atria. As might be expected from the role of Pitx2c in the formation of the RV outflow tract, 28 we found a slightly increased transpulmonary Doppler flow velocity in Pitx2c ϩ/Ϫ mice. Whether this subclinical abnormality has relevance for the development of AF remains to be studied. It may be speculated that increased pressure load of the RV translates into increased RA work load and could thereby contribute to AF.
Biological Downstream Effects of Reduced Pitx2c Expression in Atrial Tissue
Our whole-genome array observations provide a number of credible clues to the molecular mechanism for action potential shortening and susceptibility to AF in the Pitx2c ϩ/Ϫ model. Obvious candidate genes are those known to be related to Pitx2 function in the embryonic development of the SAN and pulmonary vein myocardium. Nkx2.5 and connexin 40 (GJA5, a somatic variant of which associated with AF 7 ) are known to be related to Pitx2 and the embryonic pulmonary vein, but we observed no variation in expression of these genes. In contrast, Shox2 and Tbx3 expression were each 1.5-fold higher in arrays of Pitx2c ϩ/Ϫ LA compared with control. These genes are both required for SAN formation and are repressed by Pitx2 in LA, 16, 26 suggesting the possibility of ectopic formation of SAN-like cells in LA of Pitx2 ϩ/Ϫ mice. Heterozygous deletion of Pitx2c did not affect sinus node function, unlike the effect at embryonic stages of complete deletion, 16, 26 and we did not find evidence for abnormal automaticity.
Pitx2c Reduction Affects Several Expression Pathways in Murine Atria
Unbiased analyses of our array data found expression differences in adult Pitx2c ϩ/Ϫ atria, including individual genes involved in calcium ion binding and in cell junctions and adhesion. Clusters of genes enriched for gap junction regulation, tight junctions, adrenergic and melanogenesis genes and, again, calcium ion binding-associated genes were revealed by pathway and GO analyses. Gap and tight junctions, which are of obvious importance for cell-cell coupling, are encouraging areas for further investigation.
The identification of melanogenesis genes was unexpected but is intriguing, given recent evidence that melanocyte-like cells are present in the mouse and human heart, and these may predispose to AF. 35 Melanocortin and atrial natriuretic peptide colocalize in atrial but not ventricular cardiomyocytes, 36 and melanocortin stimulates atrial natriuretic peptide expression. 36 In addition, melanocortin can exert electrophysiological effects and stimulate the expression of interleukins. 37, 38 These effects may predispose to AF.
The observed effects on calcium ion binding genes raise the possibility of altered sarcoplasmic reticulum calcium handling, which has been reported in models 29, 39, 40 and in patients with AF. 41, 42 Spontaneous arrhythmias, however, were rare in isolated Pitx2c ϩ/Ϫ hearts, and contractile function of atria and ventricles was normal, arguing against a marked difference in intracellular calcium homeostasis, which is intrinsically linked to contractility. It is nonetheless conceivable that subtle alterations in atrial calcium handling, for example, in specific cellular compartments, contributed to AF in this model. 29, 39, 40 The cellular mechanisms of action potential shortening and PITX2c-dependent calcium regulation are worthy of further study.
Limitations
Most, though not all, genetic determinants of heart disease convey reduced gene function. There is, however, no direct evidence that the minor allele of SNP rs2200733 causes a reduction in PITX2c in the human heart. We could not establish any difference in PITX2 expression between patients with the minor or major allele, but we have studied only 16 individuals. The overall prevalence of the minor allele (19%) in this study is within the published range for white populations 10, 11 and the excess in our AF patients (2 of 8, compared with 1 of 8 in SR) may be coincidental. Clearly, much larger numbers of individuals are required to properly test the association of SNP rs2200733 with levels of left atrial PITX2 expression. There is a suggestion in our observations that PITX2 expression may be lower in AF compared with SR and that this reduction may biologically predispose to AF, but this also requires substantial further study in LA tissue.
